In this study, a series of glasses of the system xCdO-10TeO 2 -(90−x)GeO 2 were fabricated, varying the modifier oxide content from 10 to 80 wt%. According to XRD analysis, partial crystallization occurred for the glass 60CdO.10TeO 2 .30GeO 2 presenting the formation of GeO 2 and CdTeO 3 ; the 70CdO.10TeO 2 .20GeO 2 glass shows sharp diffraction peaks corresponding to the Cd 3 Al 2 Ge 3 O 12 garnet crystalline phase. Transmission electron microscopy showed that the garnet crystals have sizes below 20 nm. At the highest concentration of CdO (80 wt%), a transparent orange glass can be obtained, and this sample can be identified as an inverted glass where CdO participates as a network former. The optical band gap of the glasses decreases as CdO content increases from 3.91 to 3.0 eV. In general, all glasses show a typical broad emission when excited with UV light (325 nm); chromatic coordinates were calculated and pointed out the presence of emissions in the white, green, and yellow regions. In summary, the obtained glasses are a promising material for IR technologies, nonlinear optics, and design of solid state lighting devices.
Introduction
As technology keeps evolving, particularly in the optics and telecommunication applications, materials with very special properties and capabilities like specific spectral operation ranges, high refractive index, and low phonon energy are needed [1] . Herein, silicon oxide (SiO 2 ), germanium oxide (GeO 2 ), tellurium oxide (TeO 2 ), vanadium pentoxide (V 2 O 5 ), cadmium sulfide (CdS), to name a few, have been used to fabricate special glasses with optical properties adequate to their final application. The main characteristic of the mentioned compounds is that they are glass network formers, and alkali oxides (Na 2 O, CaO, K 2 O, and MgO) and metallic oxides (like ZnO and Fe 2 O 3 ) are network modifiers. Tellurium oxide is a special case of a glass former; it has been proved that the structural unit that constitutes the network is of octahedral coordination nature, which deviates from the classical structural model of tetrahedral coordination. Zachariasen postulated through empirical observation that cations surrounded by four oxygens in a tetrahedral geometry could form glass [2] . However, it has been found by several authors that some glasses (including TeO 2 -based glasses) do not follow this rule. Goldschmidt [3] pointed out the important role of the radius ratio for glass-forming oxides, which is the ratio between the ionic radius of the cation and oxygen atoms, r C /r O , and it has values of 0.2-0.4 for tetrahedral coordination. Afterwards, Zachariasen took these concepts as a base to develop a model for glass formation, where tetrahedral units share oxygen atoms at the corners constructing a continuous glass network. The SiO 2 glass is formed by a tridimensional network of (SiO 4 ) 4− connected through oxygen atoms at the corners, where at least three corners participate in the irregular network, which does not have translational periodicity. That network is "interrupted" where other cations from modifier compounds (X) are added to glass, forming Si─O─X bonds terminating the connectivity. Some cations can participate forming either as the glass network or as modifiers like Al, Be, Zr, Zn, Cd, and Pb, and this change in behavior will depend on their concentration and their interaction with other components in the glass [4] .
For decades, continuous research of new glass systems has led to modify the rules of the classic glass model. Lead orthosilicate glass (PbSiO 4 ) is a glass that does not follow Zachariasen's rules since Pb 2+ has an octahedral coordination and a large ionic radius (r = 132 pm). In addition, it is possible to fabricate borate glasses with low concentration of B 2 O 3 , which forms rutile-like octahedral units [5] . The term "inverted glasses" first appeared in the work of Stevels [6] regarding a metasilicate glass formed by three isolated coupled SiO 4 units instead of a continuous network. Thus, a glass that does not follow the classical model and whose network is formed by polyhedra of modifier cations in their majority is called an inverted glass. Some examples are tellurites in which Te ions with a six-fold coordination number form distorted octahedra interconnected between oxygens at the corners [2] . As it is the case of CaO-Na 2 O-MgO-P 2 O 5 glasses with a concentration of MgO higher than 60% mol, Mg─O coordination number changes from ~6 to ~5, which is lower than that of its crystalline form, allowing MgO to change its role to that of a glass former [7] .
Finally, applications of inverted glasses will depend on the chemical composition of each vitreous system, and there is a variety of them. For example, for vitreous systems with network modifiers like CdO, ZnO, PbO, and MgO, among others, in high proportions, they are characterized by their good optical properties, and these glasses are attractive for optical devices and laser designs [7] . Furthermore, the introduction of rare earth oxides to germanate tellurite glasses together with their transparency in the infrared region makes them interesting for multiband amplifiers [8] .
In this work, the effect of high contents of CdO on the crystallization and formation of inverted glasses of the CdO-TeO 2 -GeO 2 system was studied. It was expected that as the 
Experimental procedure

Glass fabrication
A series of eight glasses with a concentration of xCdO-10TeO 2 -(100−x)GeO 2 , with x values from 80 to 10 wt%, was fabricated. This series of glasses is localized in the rich GeO 2 region of the ternary system diagram as is depicted in Figure 1 . All oxide powders were purchased by Sigma Aldrich with a >98% purity and were used without further purification (see Table 1 ). The appropriate amount of powders was mixed and homogenized with acetone and then left overnight to dry at room temperature. Afterwards, the batches were melted at 1350°C for 20 min in alumina crucibles, and then the melts were quenched in bronze molds. The density of the glasses was determined using Archimedes' principle estimating the difference between the body weight and the apparent immersed weight. All these measurements were carried out at room temperatures, and distilled water was used as reference immersion liquid. 
Material characterization
The fabricated glasses were characterized by several techniques to study their structural, thermal, and photoluminescent properties. Differential thermal analysis (DTA) was performed in a TA Instrument SDT2960; the samples were heated in an alumina crucible at a rate of 10°C/ min from ambient temperature to 1200°C. X-ray diffraction (XRD) was carried out by a Bruker D8 ADVANCE diffractometer. Raman spectroscopy was performed using a 632 nm laser in a Horiba Jobin-Yvon LABRAM HR800 spectrometer. Fourier transform infrared (FTIR) was measured in a Perkin-Elmer model spectrum two spectrometer in the range of 4000 to 500 cm −1 . X-ray photoelectron spectroscopy (XPS) of selected samples was also performed Advances in Glass Science and Technologyin a Perkin Elmer PHI 5100 spectrometer with a dual Al/Mg anode, Al kα X-ray of 1436 eV excitation radiation was used for the samples characterization, and charge displacement of the samples was corrected using C 1 s peak position at 284.8 eV. Sample G70, which showed a great devitrification, was characterized by transmission electron microscopy to observe the size of the crystalline phase formed in the glass matrix. Photoluminescence of the glasses was monitored in a Horiba Jobin-Yvon FluoroLog-3 spectrofluorometer using different excitation wavelengths in the UV region.
Results and discussion
The obtained glasses were of yellowish transparent color ( Table 1 ) and for concentrations of CdO of 60 and 70 wt% presented devitrification, at 80 wt% CdO, an orange transparent glass was obtained, and it can be considered an inverted glass. Formation of glass at greater proportions of the modifier oxide was not expected according to Zachariasen's rules. Instead, the formation of a crystalline phase rich in Cd was the most plausible outcome. However, it was possible to obtain a partially devitrified glass, a transparent glass, and a crystalline sample. It can be seen that at 60 wt% CdO, devitrification at the top of the sample is visible, and a white crystalline phase was formed.
Density and thermal properties
Density, glass transition (T g ), crystallization (T c ), and melting (T m ) temperature values for each glass are shown in Table 2 . In general, density increases with CdO content, except for samples C20 and C30 where an anomaly is observed (Figure 2a) . At 30 wt% CdO, the glass density reaches a minimum value and then increases steadily up to 80 wt%. This behavior is consistent with the "germanate anomaly" in alkali germanate glasses where at a certain concentration of alkali oxides, the increment in nonbonding oxides (NBO) affects the glass density [9, 10] . At higher concentrations of CdO, an increase in density occurs probably because of the large Cd ion; such behavior has been previously reported in glasses, crystals, and solutions [11, 12] . DTA curves of the fabricated glasses are presented in Figure 2b ; the exothermal peaks are associated to T g or T c , and there is one endothermic peak for glass C80, which corresponds to a melting point. The samples below 50 wt% GeO 2 have the highest values of T g and T c and decrease for the glasses with a higher concentration of CdO; sample C80 is the only one, in the range of analysis, that presents a melting temperature at 1125°C. Advances in Glass Science and Technology
Structural characterization
XRD
Diffraction patterns of all samples are shown in Figure 3 , and they are separated into three parts. Samples that showed a broad band without diffraction peaks indicating their amorphous nature are exhibited in Figure 3a , which were the glasses richest in GeO 2 up to 50 wt%, and C80 sample presented with the highest concentration of CdO. Thus, we obtained an inverted glass where CdO changes its role from modifier to glass network former together with GeO 2 and TeO 2 ; only a few systems have shown this behavior [7, 13] . Sample G30 (Figure 3b ) presented a diffraction peak at 2θ = 23.3° related to the orthorhombic phase Al 6 Ge 2 O 13 . On the other hand, C60 (Figure 3b ) presented several defined diffraction peaks overlapped with the glassy matrix broad band, and it corresponds with a cadmium aluminum germanate (Cd 3 Al 2 Ge 3 O 12 ), which has a garnet crystalline structure. Aluminum incorporation into the glass has its origin from the high-alumina crucible corrosion during the melting process at 1350°C. Furthermore, 
Raman spectra
Evolution of the glass structure was explored using Raman spectroscopy, and the spectra are presented in Figure 4 . Samples C60 and C70 were fabricated a second time to confirm if it was possible to obtain glasses with those compositions, and two yellowish transparent glasses were obtained. The bands related to Ge─O─Ge bonds, GeO 4 and GeO 6 structural units, and
Te─O─Te bonds appear in the 400-600 cm −1 region [10, 14] . As the concentration of GeO 2 reduces, this broad band changes its intensity until it vanishes for samples C70 and C80. The band within the range of 600 to 900 cm −1 exhibits changes in intensity as GeO 2 decreases in content. In the same region, bands for both Ge─O─Ge and Te─O─Te bonds can be found. The maximum shift toward lower wavenumber values from 740 to 760 cm −1 is associated with Te─O − bonds in TeO 3 + 1 /TeO 3 groups for the C70 and C80 samples [14] [15] [16] . As for glasses C10
to C60, a shift toward 792 cm
occurs, and in this region, absorption bands related to NBOS from GeO 4 groups are found. Thus, GeO 4 groups can be distinguished in two types, Q 3 (1 NBO) and Q 2 (2 NBOs) units, and the absorption bands related to them appear at ~790 and ~870 cm −1 , respectively [10] . Henderson [9] studied the evolution of Q ) only appears for samples C70 and C80, and it is related to Cd─Te bonds [17, 18] . However, no crystalline formation of CdTe was identified by XRD. Then, we can only infer that in those rich CdO samples part of Cd 2+ ions are still participating as modifiers and are also coordinated with Te in TeO 3+1 /TeO 3 groups due to the lone pair of electrons of Te atoms.
Infrared spectra
FTIR spectra of the glasses under study ( Figure 5) show a very broad band in the range of 600-900 cm −1 in which Ge─O─Ge and Te─O─Te bond vibrations are found. As it was observed from Raman spectra, CdO induces a change in coordination of germanium ions from four to six, and absorption bands of GeO 4 and GeO 6 units appear around ~880 and ~715 cm −1 , respectively [1, 10, 19, 20] . CdO induces a change in coordination number of Ge from four to six, GeO 4 groups disappear at higher concentrations of the modifier (C70, C80), and only a small and smooth band of . The former is composed of the bands related to GeO 4 , GeO 6 , and Te─O─Te bonds in TeO 4 and TeO 3 + 1 /TeO 3 groups; the latter corresponds to Ge─O─Ge of Ge ions in six-fold and four-fold coordination. which is visible only for samples C79 and C80 [22] . In the low wavenumber region, around 500-600 cm −1 , there is an absorption band of symmetric stretching vibrations of Ge─O─Ge at 566 cm −1 [23] . From this analysis, we can confirm that Cd─O bonds constitute the glass structure of the inverted glasses and there are some remaining GeO 6 and TeO 3 groups.
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XPS
At this point, we have established that CdO has a very important role in the structural change of the glass network. High-resolution XPS analysis was performed on C10, the lowest in CdO concentration, and C60, C70, and C80, Cd 3d, Te 3d, Ge 3d, and Al 2p photoelectron lines spectra are presented in Figure 6 . In the case of Cd 3d spin-orbit doublet (Figure 6a) [24] , confirming that the above 60 wt% of CdO changes its role to that of a glass former. Figure 6b presents Te 3d 5/2 and Te 3d 3/2 doublet in which each photoelectron lines are composed of two well-defined peaks, evidencing that Te ions are chemically bonded in two distinct species. It is noticeable that the peak positions do not shift in binding energy for all analyzed compositions, and they are at 572.5, 575.8 and 583, 586.3 eV for Cd 3d 5/2 and 3d 3/2 , respectively. Previous XPS analysis on tellurite glasses showed that Te 3d 5/2 position is in the range of 575.6-576.9 eV and is associated to Te 4+ [25] [26] [27] ; the peak intensity varies with CdO concentration. It is the least intense at 60 wt% and then increases for samples richest in CdO. The peaks at 572.5 and 583 eV (Cd 3d 5/2 and 3d 3/2 ) are related to CdTe [27] , and for glasses, C70 and C80, a band related to CdTe was found in Raman analysis. A shift toward lower energy values of the core level peak indicates that Cd 2+ undergoes an increment in its charge distribution sphere, and this is a very polarizable cation. It is worth to notice that the peaks related to CdTe are more intense for the sample C10 (only 10 wt% of CdO) than those for rich CdO glasses. Thus, Cd Ge 3d core-level peak spectra of the analyzed glasses are displayed in Figure 6c . A shift toward lower binding energy values (from 32.15 to 30.9 eV) as CdO concentration increases can be distinguished, and it is associated with Ge coordination change from four to six [28] . Al 2p photoelectron line is shown in Figure 6d for C60, C70, and C80 glasses only, and no aluminum incorporation was detected for sample C10. Aluminum was not detected in Raman or FTIR spectroscopies; Al 2p peak position is 73.9 eV for C60 and C70 samples and corresponds to Al─O bonds in Al 2 O 3 [29] . For C80 glass, the peak shifts toward 72.6 eV, which is related to Al 0 , and this indicates that aluminum is probably not participating in glass network formation. 
UV-Vis
Optical absorption of the glasses is shown in Figure 7 and energy band gap by Tauc's method by plotting (hνα) n vs. (hν -E g ) was estimated; hν is the photon energy, α is the absorption coefficient, and n = 1/2 is the amorphous materials. The determined values for E g are listed in Table 3 . As it is seen, CdO has a significant effect on the energy band gap of the glasses that decreases as the content of the modifier oxide increases, from 3.90 to 3.01 eV for 10 and 80 wt% of CdO, respectively. This behavior can be related to CdO semiconductor properties that modify the dielectric constant of the host material; previous investigations show that Cd ions can exhibit such significant decrease in E g values [30, 31] .
Photoluminescence
Glass photoluminescence (PL) was monitored using a 370 nm UV excitation light; this wavelength was selected according to the emission of commercial chips used as UV pumps in LEDs, which is in the range of 360-375 nm. PL emission spectra of the glasses show a broad band emission covering the visible spectral range (400-700 m) and are presented in Figure 8 . The effect of CdO concentration on the glass structure and, therefore, in the light emission of the glasses is evident; the spectral features show variations through all concentrations. Luminescence in glasses has its origin in "defects" from a chemical standpoint because a glass structure lacks periodicity and symmetry operations. Emission spectra of CdO-TeO 2 -GeO 2 glasses are very complex as a consequence of the several components and related defects that constitute their glass structure. 
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In general, all sample spectra show a band maximum that gradually shifts from 555 to 585 nm as CdO content increases. At lower wavelengths, C10 and C40 show a distinct shoulder around 449 nm, and for sample C20, shifts to 455 nm and its intensity decrease. C50 and C60 do not show a shoulder, only a broad band at 571 and 576, respectively, indicating that the glass structure did change and the defect causing that feature disappeared. Sample C70 has a band shoulder at 476 nm, as it was mentioned above, and at this composition, the structure starts to invert from a GeO 2 to a CdO network. Sample C30 shows a small emission band at 415 nm, and C80 presents a structured band with two maxima at 422 and 434 nm, and it is more intense than the main broad band in other glasses. It has been thoroughly studied that in GeO 2 glasses, the Ge 2+ emission center (defect) presents two emission bands at 300 and 395 nm under UV light (254 and 330 nm), which is from the S 1 → T 0 and T 1 → T 0 transitions [32] . However, those bands related to GeO 2 glass do not appear in the range of analysis, and it seems that, for samples C30 and C80, emission spectra extend beyond the monitored range toward UV region. Tikhomirov et al. [33] reported that the intrinsic luminescence of Na 2 O-ZnO-TeO 2 glasses is associated to bi-coordinated Te and Te─Te bond defects, showing a broad emission with a maximum at 670 nm using a 478 nm excitation light. Thus, defects associated to TeO 2 in the glasses under study are also to be considered. Another aspect of the emission in these glasses can be related to the change in CdO role from a modifier to a glass former. In the literature, cadmium oxide in its crystalline form presents oxygen vacancies and interstitial Cd 2+ , and these defects increase when the oxide is doped with other metallic ions [24] . On the other hand, Cd ions modify the field strength of Te and Ge due to its polarizability effect and the Cd d 10 configuration [24] . Therefore, further photoluminescence emission and excitation characterization together with decay times are needed to understand the origin of CdO-TeO 2 -GeO 2 glass emission.
Glass
To explore possible applications of the fabricated glasses, chromatic coordinates (Table 4) were calculated and are depicted in the CIE 1931 chromaticity diagram in Figure 9 . Global emission of the glasses covers a wide range of colors from sample C10 to C70 that are in the yellow and orange region and C80 that has a white light emission with chromatic coordinates of x = 0.3299 and y = 0.3158, closer to the ideal x = 0.33 and y = 0.33. According to these results, CdO-TeO 2 -GeO 2 glasses could be doped with rare earth ions and be potentially used as phosphors for solid state lighting devices.
Cd 3 Al 2 Ge 3 O 12 garnet characterization
It is worth to mention that garnets are complex crystal structures with an A 3 B 2 (XO 4 ) 3 formula, where A is a divalent cation with dodecahedral coordination, B is a trivalent cation of octahedral coordination, and X is a tetravalent cation (Si Table 4 . Estimated chromatic coordinates of the glasses as a function of CdO content.
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Silicate garnets are found in nature and have a variety of colors depending on the divalent and trivalent cations that constitute the crystal. There are also nonsilicate garnets like the yttrium aluminum garnet (YAG), Y 3 Al 5 O 12 , and Ce
3+
doped YAG has a red emission under blue light excitation and is used for lasers [34] . Thus, garnet crystals have potential to be used as phosphors because of their photoluminescence properties as it was previously reported for Ce 3+ and Mn
2+
doped silicate and germanate glasses [25] . In a previous Section 3.2.1 in Figure 3 , the diffraction pattern of C70 glass exhibited the crystalline nature of the sample, and we confirmed the formation of a Cd 3 Al 2 Ge 3 O 12 garnet. In this section, transmission electron microscopy (TEM) and PL characterization of this crystalline sample are presented.
TEM
TEM micrographs at different magnifications where phase separation with a droplet distribution in the glass matrix are displayed in Figure 10a and b. Those droplets are nanocrystals, and at higher magnification, a periodic arrangement is visible in Figure 10c . The measured interplanar distance is 2.75 Å that corresponds to the (420) plane in Cd 3 Al 2 Ge 3 O 12 . As a comparison, the Laue diffraction pattern of the nanocrystals overlapped with XRD diffraction pattern is presented in Figure 10d , showing the matching of the most intense diffraction peaks related to (420), (422), and (444) Miller indexes of the Cd 3 Al 2 Ge 3 O 12 garnet. Thus, sample C70 is a nanostructured material composed by the garnet nanocrystals embedded in a glassy matrix. at 485 and 580 nm, respectively. Then, as comparison, our sample was excited with the same wavelength, the same wavelength to excite our crystallized sample was used, and the resulting spectrum is displayed in Figure 11a . The spectrum consists of a very broad band in the visible spectral range (400-750 nm) with a maximum at 526 nm. In the previous report, the emission band maximum of the Dy doped garnet is located at ~430 nm. The authors proposed two possible origins of the intrinsic garnet emission: the formation of Cd 2+ vacancies during processing and the presence of (GeO 4 ) 4+ tetrahedral groups [35, 36] [38] [39] [40] . Chromaticity coordinates of the intrinsic luminescence of cadmium aluminum germanate were estimated (x = 0.3267, y = 0.4795) and are presented in the CIE 1931 color space in Figure 11b , as it can be seen that the emission color is in the yellowish-green region. 
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Summary
A series of yellowish transparent glasses of the CdO-TeO 2 -GeO 2 system were obtained even at high CdO content. Thus, CdO changes its role from modifier to network former. Incorporation of aluminum through crucible corrosion leads to the formation of the Cd 3 A l2 Ge 3 O 12 garnet at 60 and 70 wt% of CdO. The glasses were structurally characterized by XRD, Raman, and XPS spectroscopies demonstrating that their structure is complex and undergoes several changes as the CdO content increases, and this behavior affects the energy band gap values. Luminescence of the glasses demonstrates several structural changes that the samples undergo with concentration variation, showing a very broad structured emission band in the range of visible light monitored with a 370 nm excitation wavelength. The defects that cause the emission of the glasses are yet to be understood and studied. Chromatic coordinates show that emission color of the glasses varies in the range of yellow to orange. The glass with CdO 80 wt% global emission lies in the white light region of the CIE 1931 chromaticity diagram with x = 0.3299 and 
